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FOREWORD 


This  report  was  prepared  by  the  National  Bureau  of 
standards  under  Aii  Force  Order  No.  AF  33(616)59-4.  The 
contract  wts  •'..itiited  «inder  Project  No.  7381  "Materials 
Application"  Tasi-  No.  738103  -  "Data  Collection  and 
Correlation."  The  work  was  administered  under  the  direc¬ 
tion  of  the  Directorate  of  Materials  and  Processes,  Deputy 
tor  Teciui^i jvjy.  Aeronautical  Systems  Division  »d.th  Mr. 

R.  E.  Wlttman  as  project  officer. 

This  report  is  an  interim  report  and  covers  the 
modulus  of  rupture  and  Young's  modulus  determinations  ob¬ 
tained  from  January  1956  to  December  1961. 

The  mechanical  testing  was  performed  in  the  Glass 
Section  under  Mr.  C.  K.  liahner,  the  Section  Chief.  The 
(statistical  analysis  was  made  by  J.  M.  Cameron  of  the 
Statistical  Engineering  Section. 


ABSTRACT 


The  ASD  program  to  obtain  \2seful,  statlstlealiy  sound,  design  criteria 
on  optically  transparent  window  materials  of  a  brittle  nature  and  suitable 
for  military  air  vehicle  applications,  is  summarized. 

Several  factors  associated  with  the  determination  of  Young *8  ■odslue 
and  the  modulus  of  rupture  for  seven  commercially  available  glasses  are 
presented  and  Interpreted. 

The  practical  strength  of  plate  glass  is  dependent  on  several  factors 
including  surface  finish,  thermal  conditioning,  cutting  techniques  and 
composition.  Effects  of  these  variables  together  with  long  and  short  time 
elevated  temporatxire  strength  capabilities  are  shown. 

Ibis  report  has  been  reviewed  end  le  spproved. 


W.  P.  COHRARDT  ^ 

Chief,  itkterials  aigineerlng  Branch 


Applications  laboratory 
Directorate  of  tiatezials  ft  Proceeees 
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INTRODUCTION 


This  project  was  initiated  at  the  National  Bureau  of 
Standards  by  the  Aeronautical  Systems  Division  with  the 
objectives  of:  1)  developing  test  methods  suiteJole  for 
measuring  the  effect  of  temperature  on  some  of  the  phys¬ 
ical  properties  of  glass,  and  2)  determining  several 
proj-jertiea  of  some  presently  available  commercial  glasses 
that  appear  to  be  suitable  for  aircraft  glazing  at  elevated 
temperatures.  The  need  for  tlie  project  is  reflected  by  the 
discordant  strength-temperatxire  results  presented  in  the 
literature,  or  as  Stanworth  (1)  says,  "The  effect  of  tem¬ 
perature  is  not  at  all  clearly  understood,  and  it  is  quite 
easy  to  pick  out  of  the  literature  experimftntal  data  show¬ 
ing  that  the  strength  increaaes,  decreases,  or  remaine 
constant  with  increase  in  temperature  from  room  temperature 
upwards." 

This  report  primarily  suimnerizes  the  results  obtained 
for  the  modulus  of  rupture  and  Young's  modulus  cn  the 
glasses  in  the  program,  but  also  presents  other  data  ob¬ 
tained  that  is  considered  pertinent  to  the  testing  or 
utilization  of  glass.  Some  of  the  results  obtained  or  con¬ 
clusions  drawn  have  previously  been  reported  by  other  in¬ 
vestigators,  but  because  information  to  suppoit  these  con¬ 
clusions  have  resulted  from  this  project  they  are  reported 
here,  also.  Reference  is  made  to  some  other  literature  to 
make  this  work  more  useful. 

The  data  obtained  in  the  program  have  been  previously 
reported  in  detail  in  the  annual  summary  reports,  "Proper¬ 
ties  of  Glasses  at  Elevated  Temperatures",  WADC  Technical 
Report  56-645,  Parts  I  through  VI,  1956-1962  (2,  3,  4,  5, 

6,  7). 

The  report  is  divided  into  three  parts:  Part  I  is  the 
preliminary  program  consisting  chiefly  of  the  testing  of 
plate  glass  by  four  different  laboratories.  Part  II  is  the 
main  program  and  presents  the  data  obtained  on  the  seven 
glasses  tested  at  the  National  Bureau  of  Standards.  Part 
III  presents  other  data,  or  analyses  of  data,  obtained  in 
conjunction  with  the  main  program. 


Manuscript  rsleassd  by  tbs  author  May  1962  for  publlcaMwi  as  a  WAI*C 
Tachnical  Oocuowntary  Report. 
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APPARATUS,  SPEC  J:  ML  NS;  .AND  PROCEDURE 


The  apparatus  used  for  the  mod\ilu8  of  rupture  testing 
fulfilled  the  reqxii rement s  specified  in  ASTM  Designation 
C  158-43  "Flexure  Testi  tig  of  Glass  ;'’lat  Glass)",  with  the 
exceptions  that  two  point  loading  over  a  two  inch  span  was 
used  in  place  of  the  single  point  loading  specified,  and 
the  entire  apparatus  was  made  of  Inconel,  including  the 
knife  edges  which  ASTM  states  should  be  made  of  brass  or 
mild  steel. 

All  modulus  of  rupture  testing  was  conducted  in  an 
electric  furnace  that  was  mounted  on  the  testing  machine 
table.  The  testing  temperature  was  maintained  within 
±5  Root-mean- square  errors  in  the  modulus  of  rupture 

data  were  estimated  to  be  under  three-quarters  of  one  per 
cent . 


During  some  of  the  early  worh  the  static  Youiig's 
modulus  was  determined  dur;.ng  the  modulus  of  rupture  test 
by  using  a  commercially  available  Hef lectometer  that 
employed  a  motion  transformer.  A  porcelain  rod  passed 
through  the  bottom  of  trie  furnace,  contacted  the  specimen, 
and  transmitted  the  deflection  to  the  deflectometer .  In 
later  work  Young's  modulus  and  Poisson's  ratio  were  deter¬ 
mined  by  a  dynamic  method.  The  root-mean- square  errors  for 
the  static  Young's  modulus  determinations  were  estimated 
at  1.3  per  cent  and  for  the  dynamic  Young's  modulus  at  less 
than  one-half  of  one  per  cent. 

The  apparatus  for  determining  the  modulus  of  rupture 
and  the  static  Young's  modulus  were  previously  reported 
(2),  and  the  apparatus  for  determining  the  dynamic  clastic 
properties  was  reported  by  Spiniwr  (8). 

Specimens  were  made  from  commercially  available 
glasses  and  were  cut  from  1/4  inch  thick  sheets  of  glass 
into  10  inch  by  1-1/2  incr  specimens,  the  size  recommended 
by  ASTM.  No  preparation  of  the  edges  was  given  to  any 
specimen,  the  "as-cut"  edges  remained  on  the  specimens 
tested.  The  surface  opposite  to  the  surface  with  the 
scored  edges  was  tested  in  tension.  Some  specimens  had 
this  surface  abradea.  This  abrasion  was  done  by  blowing 
sand  against  the  surface  of  the  specimen.  For  the  testing 
reported  in  Part  I  a  2-1/2  inch  by  1  inch  rectangiilar  area 
was  abraded  on  t>.e  surface  of  the  ^ecimens.  For  the  test¬ 
ing  reported  In  Part  II  a  uniform  wei^t  of  graded  sand  was 
blown  against  the  specimens  from  a  constant  distance  with 
the  same  amount  of  air  pressure.  This  produced  an  abraded 


2 


circular  aiea  approxiriately  1-1/4  inches  in  diameter  in 
the  center  of  the  tension  surface  of  the  specimens, 
lijecimens  refeired  tc  as  "ground  and  polished"  had  no 
surface  abrasion  but  were  tested  with  the  original  surface 
produced  by  the  polishing  operation. 

Tor  tlie  testing  reported  in  Part  I  the  plate  glass  was 
Losted  in  the  annealed  and  tempered  conditions.  For  the 
testing  reported  in  Part  II  all  seven  glasses  were  tested 
in  the  annealed  condition  and  in  the  semi-tempered  and 
tempered  conditions  when  obtainable. 

The  semi- tempered  and  tempered  CGW  1723  specimens  were 
warped  and  a  number  of  the  CGW  79(10  semi- tempered  specimens 
had  smalj  cracPs.  The  semi- tempered  CGW  7900  specimens  had 
a  considerable  formation  of  alpha  cristobalite  on  the  sur¬ 
faces  after  heating  for  50C  hoars  at  1420®?,  while  the 
annealed  specimens  were  not  noticeably  affected. 

Teible  I  lists  the  seven  glasses  tested,  the  manufac¬ 
turer,  the  coefficient  of  expansion,  and  strain  point  of 
each . 
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Table  I.  GlasMi  Tested 


1 

'  vJass 

1 

1 

Manutacturer 

Coefficient 

of 

Expansion 

Strain 

Point 

_ _ _ 1 

I 

10“^  °C 
per 

“C 

op 

Soda  Lime 

Regular  Plate 

1 

Libbey-Owens-  Ford 
(LOF) 

92.0 

517 

963 

1 

1  pKI  o2jo 

1  Borosilicate 

j 

Pittsburgh  Plate  Class  Cc. 
(PPG) 

52.0 

493 

920 

!  CCW  7740 

1  Borosilicate 

Corning  Glass  Works 
(CGW) 

32.0 

515 

959 

1  PPG  6695 

Aluminosilicate 

Pittsburgh  Plate  Glass  Co. 

49.0 

660 

1220 

CGIfy'  17  23 
Aluminosilicate 

Corning  Glass  Works 

42.0 

67  2 

1242 

j  CGW  7900 

96%  Silica 

Corning  Glass  Works 

8.0 

820 

1508 

1 

CGW  7940 

Fused  Silica 

Corning  Glass  Works 

5.6 

99U 

1814  1 

_ ! 
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rtl'i'M  Designation  C  156-43  was  followed  during  the 
modulus  ci  rupture  testing;  however,  the  ensuing  steps  not 
sTv^rifiovi  by  were  followed; 

1  )  L'pecimens  were  stored  at  75°;'  ±5  °F  and  507>  ±10  % 
relative  humidity. 

2)  After  specimens  were  measured  and  readied  for  testiiKg, 
they  were  held  under  the  above  conditions  for  at  least 
48  hours  before  testing.  This  includes  specimens 
tested  at  elevated  tem{eratures . 

3)  Cpecimens  tested  at  75°;‘  were  tested  under  the  above 
conditions  of  teigerature  and  humidity. 

4)  Cpecimens  tested  at  elevateci  temperatures  were  first 
placed  in  a  laboratory  oven  and  heated  to  200“!’.  They 
were  then  placed  in  the  furnace  and  heated  to  the  test¬ 
ing  temjierature ,  held  a*  this  temperature  for  five 
minutes  and  then  tested.  Total  time  in  the  furnace  for 
heating,  arriving  at  temperature  ecpuilibrium  and  test¬ 
ing  was  always  under  one  hour. 

5)  borne  specimens  were  heated,  in  annealing  furnaces,  at 
the  testing  temperature  for  500  ±2  hours.  These 
specimens  were  slowly  cooled  to  room  temperature  and 
then  conditioned  and  tested  in  the  same  manner,  and 
along  with,  the  specimens  not  heated  for  500  hours. 

T..e  sLdlio  Young's  mocJulus  was  determined  >’n  at  least 
three  specimens  fr^ra  each  test  group  in  Part  I  during  the 
modulus  of  rut  ture  determination. 

Young's  modulus  and  Poisson's  ratio  were  determined  by 
the  dynamic  method  at  75®r  on  five  specimens  from  each  test 
group  in  the  testing  re|x>rtel  in  iart  II,  before  and  after 
heating  tfie  specirens  for  50U  hours.  Young's  modulus  was 
also  deterrineJ  n  three  specimens,  not  previously  heat 
treated,  of  each  glass  with  increasing  temperatures  up  to 
the  strain  point  of  the  'jlass. 

The  strain  (tor'i-ier)  was  measured  at  75°F  as  birefrin¬ 
gence  at  the  center  of  all  sfiecimens .  The  strain  was 
measured  before  ani  after  the  specimens  were  heated  for 
500  hours. 
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The  fracture  faces  of  all  of  the  specimens  broken  in 
the  modulus  of  rupture  testing  in  the  main  program  were 
saved  and  when  possible  the  origin  of  fracture  was  located. 
Fractures  were  classed  as  edge  when  they  occurred  on  one  of 
the  edaes  of  the  tensile  surface  and  as  surface  when  they 
occurred  on  the  surface  at  any  place  other  than  the  edge. 
’Afhen  possible  the  size  of  the  mirror  surface  was  measured. 

The  above  discussion  applies  to  the  testing  conducted 
at  the  National  Bureau  of  Standards.  The  testing  reported 
in  Part  I  conducted  at  the  other  three  laboratories  was 
done  in  a  similar  manner. 
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Part  I 


PRELIMINARY  PROGRA.M 

Tlie  modulus  of  rupture  and  Young's  modulus  v/ere  deter¬ 
mined  on  LOF  Plate  Glass  specimens  in  the  annealed  and 
tempered  conditions  at  four  different  laboratories.  These 
were:  Li bbey- Owens- Fo’-d  Glass  Cc.  (LOF),  Pittsburgh  Plate 
Glass  Co.  (PPG),  V/right  Air  Development  Center  (V/ADC)";  and 
the  National  Bureau  of  Standards  (NBS).  Three  of  the 
laboratories  conducted  tests  at  75®F,  400°F,  and  550®F;  the 
fourth  laboratory  conducted  tests  only  at  75®F.  The  mod¬ 
ulus  of  rupture  results  obtained  by  the  four  laboratories 
are  presented  in  Table  II  which  gives:  the  nun^r  of 
specimens  tested,  the  average  modulus  of  rupture,  the  stand¬ 
ard  deviation,  and  the  number  of  edge  and  surface  fractures. 
Figure  1  is  a  floating  bar  chart  that  pictures  for  each  of 
the  test  conditions  in  Table  II,  the  average  modulus  of 
rupture  (heavy  horizontal  line),  a  standard  deviation  on 
either  side  of  the  average  (hatched  areas),  and  the  maximum 
values  obtained  (top  and  bottom  horizontal  lines). 

Comparing  the  results  obtained  by  the  four  laboratories 
for  each  test  condition  shows  that  there  is  some  lack  of 
agreem.ent  among  the  laboratories  in  the  ground  and  polished 
test  groups,  but  among  the  sandblasted  test  groups  the  agree¬ 
ment  is  generally  good.  To  determine  whether  there  was  any 
laboratory  bias,  a  count  was  made  of  the  nuniber  of  times  in 
the  fourteen  test  conditions  that  the  modulus  of  rupture  at 
one  laboratory  was  higher  than  another.  The  results  are 
presented  in  Table  III  and  sfow  that  there  is  no  la)joratory 
bias. 


The  apparatus  used  to  measure  the  deflection  for  deter¬ 
mining  Young's  modulus  by  the  static  method  employed  a 
porcelain  rod  in  contact  with  the  center  of  the  tensile  sur¬ 
face  of  the  specimen  under  test.  In  order  to  determine 
whether  this  rod  affected  the  strength  of  the  glass,  the 
average  modulus  of  rupture  for  whiejh  the  Young's  modulus  was 
determined  and  for  the  specimens  for  %«hich  it  was  not  deter¬ 
mined  are  compared  in  Table  IV.  A  one-sided  sign  test  (9) 
of  the  valxies  in  Table  IV  indicates  that  the  average  mo^lus 
of  rupture  was  significantly  lower  at  the  5  per  cent  level  in 
two  laboratories  when  the  Young's  modiilus  was  determined  by 
the  static  method.  LOF  did  not  measitre  Young's  modulus  at 
elevated  temperatures  with  a  rod  in  contact  ^th  the  tensile 
surface  of  the  afpeclmen,  so  their  results  would  not  be  ex¬ 
pected  to  be  affected.  The  above  analysis  indicates  the  rod 
in  contact  with  the  tension  side  of  the  specimen  acted  as  .i 
stress  raiser  and  weakened  the  specimen. 
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FIGURE  I  SUMMARY  OF  MODULUS  OF  RUPTURE  RESULTS  FROM  ALL  LABORATORIES 


I’able  III. 


Tr. t*-i -I.aboratory  CoFipar i sons 


I.aloratcrios 

Number  of  Tests  in  t^.ich  the  Average 
Modulus  of  Rupture  is  Oreater 

■VAr-:  NBA: 

7 

>  WADC 

7 

:;Pi:  ■>  LOF 

5 

I/IF  '  NBL 

9 

LOF  '•  WADC 

8 

WADC  ■>  LOF 

6 

10 


fable  IV.  Avora.jc  Modulus  of  Ruptuie 
deternined  '.v’ith  and  '.vitfout 
the  Porcelain  Rod  in  Contact 
'..'ith  the  bpecinen 


N.RG 

WADC 

'Test  , 

i\C’d  in 
Contact 

Rod  Rot  in 
Contact 

Rod  in 
Contact 

Rod  Not  in 
Contact 

psi 

psi 

psi 

psi 

1 

lU/'oO 

15,950 

13,670 

- 

2 

1!J,880 

11,300 

11,060 

11,620 

3 

IC.,210 

10,320 

13,500 

12,780 

4 

2'^M4  9U 

30.750 

28,760 

29,850 

b 

27,-740 

30,810 

29,140 

32,110 

6 

32,520 

29,380 

28,740 

28,970 

n 

12,ud0 

14 , 560 

10,290 

10,370 

8 

7,790 

15,740 

10,500 

10,030 

9 

33,750 

33,030 

27,020 

27,070 

lU 

22,090 

25,580 

23,170 

23,240 

11 

9,960 

10,100 

9,770 

10,510 

12 

22,260 

23,770 

24,330 

24,630 

13 

8,480 

9,860 

9,870 

10,040 

14 

18,760 

21,150 

21,350 

22,320 

\_l  Game  numbers  as  used  to  identify  tests  in  Table  II. 
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The  raodulus-of- rupture  values,  obtained  without  prior 
involvement  with  measurements  of  Young's  modulus  presented 
in  Table  IV  were  used  to  study  the  relationship  with  tem¬ 
perature.  Strength- temperature  trends  were  often  shown  in 
two  of  the  laboratories  only  to  have  the  third  laboratory 
show  no  trend  or  the  opposite  effect.  There  was  rarely 
complete  agreement  among  all  laboratories  in  showing  a 
definite  trend  in  stren^h- temperature  results.  Tlie  only 
^tatistically  significant  difference  in  strength  for  all  3 
laboratories  was  between  tempered  specimens  tested  at  550®F 
after  heating  at  this  temperature  for  500  hours  and  tempered 
specirtens  tested  at  room  temperature.  The  specimens  tested 
at  550 ®F  were  weaker.  The  annealed  specimens  tested  after 
heating  for  less  than  one  hour  showed  a  tendency  to  have  a 
lower  strength  at  400 ®F. 

Table  V  presents  average  modulus  of  rupture  data  on 
annealed  glas:?  classified  as  to  fracture  origin  (surface  or 
edge)  determined  on  specimens  not  used  for  static  Young's 
modulus  detern  inations .  'The  results  show  that  for  speci¬ 
mens  whose  fracture  originated  on  the  surface,  the  average 
modulus  of  rupture  was  larger  than  the  average  modulus  for 
specimens  whose  fracture  originated  on  the  edge  in  18  cases 
and  lower  in  4  cases.  This  difference  is  significantly 
different  by  the  sign  test  at  the  5  per  cent  level. 
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Table  V.  Average  ^bciulus  of  Rupture  by  Fracture  Origin 


Test  1 

LOF 

NBS 

WADC 

PP 

S 

No 

iiJ 

/ 

E 

S 

E 

S 

E 

s 

psi 

psi 

psi 

psi 

psi 

psi 

psi 

psi 

1 

15290 

16300 

15490 

16020 

- 

10100 

14680 

14700 

2 

8180 

13390 

13180 

10040 

7770 

12580 

- 

- 

KJ 

12470 

14670 

9850 

10440 

11000 

11320 

- 

- 

7 

20150 

14090 

16080 

13540 

9400 

9930 

- 

- 

8 

16870 

15140 

13320 

14520 

8680 

10380 

- 

- 

11 

9260 

9950 

9460 

10280 

10390 

10550 

9190 

11000 

13 

9080 

10800 

8700 

10060 

9030 

10560 

- 

- 

Same  nuiobers  as  used  to  identify  tests  in  Table  II • 

a/  S  -  indicates  the  fracture  originated  on  the  surface  of 

“  the  specimen.  ..  j  * 

E  -  indicates  the  fracture  originated  on  the  edge  of 

the  specimen. 
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Table  VI  gives  the  Young's  modulus  as  determined  by 
the  static  method,  the  number  of  specimens  tested,  and  the 
standard  deviation  for  all  the  test  conditions  for 
three  laboratories  that  determined  the  modulus  of  elastic¬ 
ity  during  the  modulus  of  rupture  tests. 

The  static  modulus  of  elasticity  determination  on 
plate  glass  showed: 

1)  Sandblasting  does  not  change  the  modulus  of  elasticity 
or  reduce  the  standard  deviation  of  the  measurements. 

2)  The  modulus  of  elasticity  of  tempered  and  annealed 
specimens  differed  significantly  at  two  laboratories 
but  the  results  from  the  third  laboratory  failed  to 
show  a  difference.  This  is  an  Indication  of  the  lack 
of  sensitivity  in  the  static  test  as  employed  and  be¬ 
cause  of  this  lack  of  sensitivity  this  test  method  was 
not  pursued  further. 

3)  One  of  the  laboratories  had  a  significantly  higher 
measurement  error  than  the  other  t%<o  and  also  had  re¬ 
sults  that  were  lower  than  the  other  two. 
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Table  VI.  Siuinary  of  Young's  ^bdulu6 

Results  from  all  Laboratories 


Test  / 
No.'^' 

Lalx)ratories 

nS./ 

LOF 

S.D.-^ 

n 

NBS 

X 

S.D. 

n 

WADC 

X 

1 

» 

S.D. 

1 

5 

lO^psi 

10.83 

6 

lU^psi 

10.20 

lO^psi 

0.246 

27 

lO^psi 

10.70 

lO^psi 

0.336 

2 

5 

10.53 

.103 

5 

10.31 

.191 

5 

10.28 

.365 

3 

5 

10.63 

.137 

5 

10.21 

.097 

4 

10.11 

.173 

4 

5 

10.19 

.225 

8 

10.44 

.284 

23 

9.80 

.364 

5 

5 

10.04 

.145 

5 

10.10 

.105 

5 

9.61 

.270 

a 

5 

9.93 

.082 

l4 

9.73 

.074 

3 

9.30 

.221 

7 

5 

10.27 

.165 

4 

10.34 

.127 

4 

10.25 

.104 

8 

5 

10.56 

.085 

4 

10.38 

.105 

9 

9.84 

.169 

Q 

5 

10.09 

.101 

4 

10.24 

.105 

4 

9.64 

.096 

10 

5 

9.14 

.155 

4 

10.13 

.084 

4 

9.66 

.397 

11 

5 

10.62 

.071 

5 

10.18 

.269 

15 

10.36 

.358 

12 

5 

10.25 

.154 

7 

10.34 

.127 

13 

9.83 

.163 

13 

5 

9.15 

.085 

4 

10.33 

.147 

in 

10.46 

.303 

14 

5 

9.07 

.154 

4 

10. IS 

•  042 

9 

9.58 

.222 

j^/  Same  numbers  as  used  to  identify  tests  in  Table  II. 


Numbers  of  specimens  tested. 
Average  Young's  modulus. 
Standard  deviation. 
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The  following  conclusions  concerning  the  strength  of 

glass  were  derived  from  the  Preliminary  Program  Testing: 

1  )  Difference  in  strength  results  can  be  expected  when 
glass  is  tested  in  different  laboratories  under  the 
same  conditions.  The  laboratories  can  so  show  no  bias 
and  still  produce  results  different  from  one  another. 

2)  Sandblasting  reduces  the  average  strength  and  the 
standard  deviation  and  increases  the  sensitivity  of  the 
modulus  of  ruptiire  test.  3y  using  10  sandblasted 
specimens  differences  of  2000  psi  can  be  detected  at 
the  5  per  cent  level  whereas  with  30  ground  and 
polished  specimens  differences  of  only  3800  psi  can  be 
detected  at  the  5  per  cent  level. 

3)  The  deflectometer  rod  in  contact  with  the  tensile  sur¬ 
face  of  the  specimen  lowered  the  strength  of  the  speci¬ 
men  . 

4)  Specimens  that  had  fractures  originating  on  the  edge  of 
the  specimen  were  weaker  than  specimens  that  had  the 
fracture  originating  on  the  surface. 

5)  Effect  of  temperature  on  the  strength  would  be  masked 
if  small  samples  of  ground  and  polished  specimens  were 
used. 
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PART  II 


MAIN  PROGRAM 

The  modulus  of  rupture  results  presented  were  obtained, 
except  when  noted,  on  sandblasted  specimens*  The  average 
modulus  of  rupture  values  are  presented  in  Figures  2  through 
8.  The  points  plotted  in  the  figures  are  average  values  for 
surface  fractures  only*  The  average  values  of  the  modulus 
of  rupture,  radius  of  the  mirror  surface,  and  the  respective 
standard  deviations  for  these  values  are  presented  in  Tables 
VII  through  XXIII* 

The  mirror  radius  was  determined  by  measuring  the  dis¬ 
tance  between  the  stippled  areas  that  bound  the  mirror* 

This  was  considered  the  mirror  diameter  and  dividing  by  t%ro 
gave  the  mirror  radius*  The  measurement  was  made  along  the 
edge  of  the  fracture  face  that  was  on  the  surface  of  the 
specimen  broken  in  tension* 


I 


HACKLED 

AREA 


HACKLED 

AREA 
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FIGUHE  2  MODULUS  OF  RUPTURE  OF  SANDBLASTED, 
LOF  PLATE  GLASS  SPECIMENS  AT  DIFFERENT 
TEMPERATURES 
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200  400  600  800  1000  1200 

TEMPERATURE,  "F 

FIGURE  4  MODULUS  OF  RUPTURE  OF  SANDBLASTED  PPG 
6695  SPECIMENS  AT  DIFFERENT  TEMPERATURES 
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A  SEMI-TEMPERED 
O  ANNEALED 

SOLID  SYMBOLS  INDIOATE  500  HOL'RS 
EXPOSURE  AT  THE  TESTING  TEMPERATURE 
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200  400  GOO  800  1000 

TEMPERATURE, "F 

FIGURE  6  MODULUS  OF  RUPTURE  OF  SANDBLASTED, 
CGW  7740  SPECIMENS  AT  DIFFERENT  TEMPERATURES 
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200  4  00  600  800  1000  1200  1400  i600 

TEMPERATURE.  “F 

FIGURE  7  MODULUS  OF  RUPTURE  OF  SANDBLASTED, CGW  7900 
SPECIMENS  AT  DIFFERENT  TEMPERATURES 


24 


DIFFERENT  TEMPERATURES 
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Table  VIII.  Modulug  of  Rupture  for  Sami -T«mp« red,  ^'ar:i;:la3 
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Table  X.  Modulua  of  kupture  ior  Annealed.  Candt:)! a e t e i 
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Table  XI.  Modulus  of  Rupture  for  Semi-Tempered,  Sandtl  asted ,  PPG  323‘3 
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Table  XII.  Modulus  of  Rupture  for  Tempered,  C^.'dLlasted ,  PP"  3255  Sj  ecirr&ns 
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Table  XIII.  Modulus  of  Kupture  for  Annealed, 


Five  hundred  hours  indicates  that  specimens  were  heated 
at  the  test  tenqperature  for  500  hours,  cooled  slowly  to 
room  temperature,  and  then  tested  in  the  same  manner  as 
the  one  hour  specimens. 

S  indicates  fracture  originated  on  tho  surface  of  the  specimen. 
E  -  -  "  "  "  edge  "  " 

/  n  indicates  number  of  specimens  tested. 

/  X  indicates  average. 

/  S.D.  indicates  standard  deviation. 

/  Radius  of  the  smooth  portion  of  the  fracture  face. 

/  Specimen  surface  ground  and  polished,  not  sandblasted. 

/  Tested  in  a  shorter  time  than  other  specimens. 
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Table  XXI.  Modulus  of  Rupture  for  Annealed.  Sandblasted,  C'-W  7900 


I 


P 


t)  ^ 

it 

g  g 

-H  « 
U  ^ 

0) 

a  B 
«  o 

•  .i;  o 

4J  -fJ 
P  «  ►. 

o 

«  o 

•  o»-i 

CT3 
C-.4  • 
C  ^ 

,c  «  o 

h  O 
P  r> 

B  0 
BX  > 
e  B 
»-i  "O 
•  p 
».  M  o 
e'O.c 
g 

p  o 
«jio 
to 


B 

C 

« 

g  •  • 

•eH  C 

a-^  t 

B  O 

u  S. 

P  B 

O 

^  • 

•  ■M 
C 

O  t 

o 


u 

e 

B  uh  e 

m  u  ty 


•  u 

u  s 

e  • 

s 

•  u 


T}  •  Is  B  • 

u 

e  >  Ki  •  • 

«  Is 

ss-.'i  O  C  •  T? 

Is  e 

BU|>».  CXk  • 

«ls  X 

•  «•». 

■MCE  B 

9  0 

•  H  CK  • 

•  X 

•  •  P  f  0  -«-• 

Is  M  a  ^ 

0  X 

•  p  e  3  "y  B 

<•4  4^  4^ 

k  4S  Is  B  •  C 

*>  0 

^  9  I 

«  c 

B  Is  5.  '•  e  e 

•H  c  B 

c  •  Ux,  c  ^ 

►  0  45 

B  a  cisj-Hi  u 

•  -H  4S 

1  M  -M  t>  • 

T3  4s 

sS  •  CsS 

U  4S  4-<  ..S  Is 

B  13  Q  i 

•  BO 

Is  ass 

cL »  •’d 

<ls  «  -IS 

B  Css  •  • 

0  ’VX 

sS  ♦s  ^ 

SI  C  -IS  Is 

B4^  •  B  P 

Is  t>  •  0  • 

•  B.£:  V4J 

f  B4s  0  -IS 

4->  •  4-<  ss  U  1 

i)  Is  ■  i  Is 

B  s->  a 

B  w  ■  Q 

U  4-<  C  Is 

d  ►  B  45 

ssT}  e  oils 

caeca 

no  •  45 

**x 

c  4S  “0  4S  B 

B  a  a4-)  a 

sS  «  •  • 

ecu 

4S4S^||S  C 

B  C  « 

B  BT]  O  sS 

PT)  •  «  0« 

0  O  C 

0  C4C  -H 

sS  ..S  -rS  B  "0 

45  sS  *T3 

•OT)  P  • 

V  •  C 

e  c  •2J+' 

t  •  Is  Is-H 

sSsSOt)  B 

>5  45  •  P 

•  B  a 

OSS  >s-<C0M 

CIKCOftifH 

-I 


<*  I  n  I  « |«  Ih  I 


39 


TjJdI®  XXII.  Modulus  of  Rupture  for  Eeicl-Teir. 
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idicates  standard  davlation. 

of  tha  saooth  portion  of  the  fractura 

in  a  shortar  tlae  than  tha  othar  spac 


Table  lOCIII.  ''fcvinlus  of  Rupture  tor  Annealed,  Sandol.isteo.  rc,<  '941  r,r e c  L me n s 
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S.D.  indicates  standard  deviation. 

Radius  of  the  smooth  portion  of  the  fracture 
Tested  in  a  shorter  titae  than  the  other  cpoc 


7!  e  res'ilts  tor  the  annealed  ';las6  show  that  when 
with  less  than  one  hour  exfosure  at  the  testing 
t enxerat'ire,  LCT  Plate  Glass,  PPG  3235,  PPG  6695,  and 

1722  all  showed  a  decrease  in  strength  from  the  room 
t eir.jrerature  value  with  increasing  temperature.  This  was 
rollowed  by  «n  increase  in  strengtn  ac  the  strain  point 
temperature  was  approached  until  a  value  of  the  strength 
that  was  as  great  or  greater  than  the  room  temperature 
value  was  leached.  Tliese  decreases  in  strength  congoared 
to  the  strength  at  73"F  varied  from  about  six  percent  to 
about  15  percent  and  were  statistically  significant  at 
the  5lo  level  for  LOF  Plate  Glass  and  PPG  6695.  The 
strength  of  CG'tl  7740,  CGW  7900,  and  CGW  7940  increased 
with  increasing  temperature  up  to  the  strain  point.  At 
the  strain  point  all  of  the  glasses  with  the  exception  of 
GGW  7900  shewed  a  decrease  in  strength.  CGW  7900  showed 
a  slight  increase  in  strength  at  the  strain  point. 

Heating  for  500  hours  did  not  adversely  affect  the 
strength  of  annealed  glass,  but  It  tended  to  strengthen 
the  glass,  expecially  at  the  higher  temperatures.  When 
only  the  highest  two  treatment  temperatures  .or  each  glass 
are  considered  they  show  that  in  12  cases  out  of  14  the 
heat  treatment  incretsed  the  strength  of  the  glass.  This 
is  significant  by  the  sign  test  at  the  51.  level. 

The  figiires  show  for  semi- tempered  and  tempered 
glasses  tested  at  temperatures  at  least  iOO^F  below  the 
strain  point  of  the  glass  the  500  hour  exposure  to  elevated 
ten^'eratures  did  not  reduce  the  strength  of  these  glasses, 
but  as  the  strain  point  of  the  glass  is  approached  the 
strength  decreases  greatly.  When  tested  with  less  than  one 
hour  exposure  to  the  testing  temperature,  all  of  the  semi- 
tempered  specimens  retained  their  strength  up  to  120®F 
below  the  strain  point.  The  fully  tempered  glasses  showed 
a  loss  in  strength  at  these  temperatures.  The  four  glasses 
available  in  both  tempered  and  semi-tenpered  form  show  that 
after  exposure  for  500  hours  at  tem'^^ratures  120*r  below 
their  respective  strain  points  the  strengths  of  both  the 
tempered  and  semi-tempered  specimens  are  close  to  one 
another.  Also,  after  this  exposure,  these  glasses  have  no 
appreciable  strain  remaining;  however,  in  every  case  ex¬ 
cept  for  CGW  7900  the  strength  values  of  the  semi- tempered 
and  tempered  specimens  are  higher  than  those  of  the  annealed 
specimens  heated  and  tested  under  the  same  conditions.  The 
CGW  7900  specimens  had  crystallized  surfaces  and  this 
undoubtedly  accounts  for  part  of  the  loss  of  strength. 
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('onsidering  all  seven  glasses,  heating  did  not 
ai  pear  to  affect  the  nuBiber  of  fractures  originating  on 
the  surface  for  r.-arealed  glass;  bat  heating  at  higher 
teirperatuies,  eBpeciaily  for  500  hours,  did  reduce  the 
nunber  of  fractures  originating  on  the  surface  in  the 
send  -  tempered  and  tempered  specimens. 

'lonaidering  all  seven  glasses,  and  all  conditions  of 
teinperature ,  Table  XXIV  shows  the  number  of  test,  groups 
that  had  edge  breaks,  the  number  of  groups  in  which  the 
surface  breaks  were  stronger  and  the  number  of  groups  in 
which  the  edge  breaks  were  stronger. 


Table  .XX IV.  Test  Groups  that  had  Edge  Fractures 


Condition 
of  , 
Temper^' 

No.  of  Groups  in 
Vh  i  ch  Edge 
Breaks  Occurred 

No.  of  Groups  in 
Which  Surface 
Breaks  Were 
Stronger 

No .  of  Groups  i ^ 
Which  Edge 
Breaks  Wars 
StroxKfer 

A 

42 

37 

5 

O 

O 

21 

14 

7 

T 

12 

11 

1 

]_!  A  -  Annealed,  S  -  Semi -tempered,  T  -  Tempered. 


The  data  shows  that  the  glass  is  stronger  when  the 
fractures  occur  on  the  surface  than  when  the  fractures 
occur  on  the  edge  of  the  specimens.  This  is  significant 
by  a  sign  test  at  the  one  percent  lerel  for  the  annealed 
and  tempered  sped  mens  and  at  the  251  level  for  the  semi* 
tampered  specinsns. 
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MODULUS  OF  RUPTURE  DETERMINED 
AT  THE  MAXIMin*!  TESTING  TEMPERATURE 


The  maximum  testing  temperature  is  used  here  as  the 
temperature  at  which  the  testing  machine  crosshead  speed 
had  to  be  slightly  increased  in  order  to  maintain  the  re- 
guired  loading  rate  of  10,000  psi  per  minute.  Below  the 
maximum  test  temperature  the  glasses  tested  obeyed  Hooke's 
law  during  the  modulus  of  rupture  testing.  Above  the 
maximum  test  temperature  the  glass  would  yield  with  load 
and  required  an  increase  in  crosshead  speed  to  maintain 
the  required  loading  rate. 

The  maximum  testing  temperature  was  found  by  testing 
ut  increasingly  higher  temperatures  until  the  testing 
machine  crosshead  speed  had  to  be  slightly  increased  in 
order  to  maintain  the  required  rate  of  loading.  After 
specimens  had  been  heated  to  the  strain  point  it  took  about 
two  minutes  to  reach  the  maximum  test  temperature.  Sped* 
mens  were  held  at  temperature  for  two  minutes  before  test¬ 
ing. 


The  maximum  test  temperature  and  the  moduli  of  rupture 
obtained  at  these  tei^seratures  are  presented  with  the  other 
modulus  of  rupture  data  for  the  respective  glasses.  How¬ 
ever,  the  data  are  summarized  in  Table  XXV  which  gives  the 
glasses  tested,  their  strain  point  and  maximum  test  tem¬ 
perature,  and  the  modulus  of  rupture  at  that  tenqperature. 
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Table  XXV.  Modulus  of  Ruptiire  at  Maximum  Testing  Temperature 
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Amount  of  Temper  in  Speclmena 

Table  XXVI  ahows  the  range  in  residual  tensile  stress 
for  the  various  glasses  in  both  the  serai -tempered  and 
tempered  conditions.  It  car.  be  seen  that  there  is  con¬ 
siderable  difference  between  the  ina:ximum  and  minimum  values 
for  different  glasses. 

Since  the  amount  of  temper  in  the  specimens  showed  a 
rather  large  spread  in  the  values*  Spearman's  Ran]-  Co¬ 
efficient  Constant  was  determined  for  the  various  test 
groups  to  see  whether  there  was  a  correlation  between  the 
degree  of  tenper  and  the  strength  of  the  specimen.  The  re¬ 
sults  of  the  analysis  are  presented  in  Table  XXVII.  The 
expected  number  of  significant  results  at  the  five  percent 
level  in  65  tests  is  five  percent  of  65  or  3.25,  whereas, 
the  observed  number  of  significant  results  is  31.  This 
large  number  of  significant  results  indicates  that  in  a 
given  lot  of  tenqpered  glass  there  is  a  correlation  between 
the  modulus  of  rupture  and  the  temper,  the  greater  the 
temper  the  higher  the  strength. 
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Table  XXVII.  Correlation  Between  Strength  and 

Ajnount  of  Temper  for  Cemi- Tempered 
and  Tempered  Specimens 


Glass 

■1 

NunOier  of  Test  Groups 
Showing  Correlation  at 
the  57o  Level 

LOF  Plate 

ST 

4  out  of  10 

T 

5  out  of  9 

PPG  3235 

ST 

3  out  of  7 

T 

2  out  of  7 

PPG  6695 

srr 

2  out  of  7 

T 

2  out  of  7 

CGW  1723 

ST 

5  out  of  5 

T 

3  out  of  5 

CGW  7740 

ST 

1  out  of  3 

CGW  7900 

ST 

4  out  of  S 

Total  31  out  of  65 


l_l  ST  -  Semi-tempered;  T  -  Tempered. 
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Loss  of  Temper 

Table  XXVIII  shows  the  loss  of  temper  In  the  semi- 
tempered  and  tempered  glasses  after  heating  at  the  in¬ 
dicated  temperature  for  500  hours.  The  original  amount  of 
temper  (75°F  column)  chows  that  CG¥  1723  has  the  greatest 
amount  of  temper  while  CGW  7900  has  such  a  low  coefficient 
of  expansion  that  it  can  only  be  tendered  a  small  amount. 
The  table  shove  that  the  glasses  with  high  strain  point 
lose  only  a  small  amount  of  temper  when  heated  to  700 
for  500  hours  while  the  glasses  with  a  low  strain  point 
lose  a  considerable  amount  of  their  teu^r. 
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Table  XXVIII.  Change  in  Axnount  of  Temper  after  Heating 
for  500  Hours  at  Various  Temperatures 


SO 


Young *s  Modulus  Determined  at  Elevated  Temperatures 

Young's  modulus  was  determined  by  the  dynamic  method 
at  temperatures  up  to  the  strain  point  on  three  annealed 
specimens  of  each  of  the  glasses  in  the  test  program* 
Specimens  from  the  same  lot  as  those  tested  for  the  mod¬ 
ulus  of  rupture  were  used*  The  results  are  presented  in 
Figure  9  and  show  that  the  Young's  modulus  of  LOF  Plate, 
PPG  3235,  PPG  6695  and  (36W  1723  decreases  as  the  teiqpera- 
ture  increases*  The  Yoxxng's  modulus  of  CGW  7740,  CGW 
7900,  and  CGW  7940,  all  initially  Increased  as  the  tem¬ 
perature  increased*  It  is  interesting  to  note  that  the 
four  glasses  that  had  decreasing  Young's  moduli  with  in¬ 
creasing  temperature  are  the  same  glasses  that  had 
initially  decreasing  moduli  of  rupture  with  increasing 
teo^erature .  The  three  glasses  that  showed  an  increase  in 
Young's  moduli  with  temperature  are  the  glasses  that  also 
showed  an  Increase  in  moduli  of  rupture  with  temperature. 
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YOUNG’S  MODULUS.  1,000,000  PS  I 
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Youn  ; '  s  DeterElned  at  7  5°?  3efore  and  After  Heat- 

500  at  Various  Tenpor atures 

Youn.j's  inoiulus  results  determired  at  75®r  before  and 
after  heatin;  for  500  hours  are  presented  in  Table  X/DC. 
Tne  actual  value  of  Young's  modulus  deteririned  at  75®F 
before  beating  and  the  percent  change  in  this  value  caused 
i  V  heating  to  the  indicated  teniperature  are  presented.  It 
car.  be  seen  that  with  the  exception  of  CGW  7900  and  CGW 
7G-iCl  the  Young's  .Twdulus  tended  to  increase  with  tempera¬ 
ture.  cr:v.'  7940  showed  no  change  after  heating  while  the 
decrease  in  CC-V  7900  semi -tempered  specimens  is  probably 
iue  to  the  devitrification  of  the  surface  of  the-ae  speci¬ 
mens. 


The  glasses  capable  of  being  tempered  to  Mine  degree 
:  aa  a  Young's  modulus  that  was  greatest  for  the  annealed 
jlass,  slightly  low^r  for  the  semi-tenqp)ered  glass,  and 
still  lower  for  the  tempered  glass.  These  differences  are 
statistically  significant  at  the  5%  level  with  the  exception 
cf  the  differences  betwe.^n  the  semi-tempered  and  tempered 
specimens  for  PPG  3235  and  PPG  6695.  After  heating  at  the 
higher  temiierature  Young's  modulus  for  all  three  conditions 
of  temper  teniied  to  approach  each  other  at  a  new  value 
higher  than  the  original  annealed  value. 

It  should  be  noted  that  the  Young's  modulus  values 
given  in  Table  XXIX  were  determined  at  75*F  before  and 
after  heating  for  500  hours  at  the  indicated  temperatures. 
Young's  modulus  values  determined  on  the  same  types  of 
glass  after  different  heat  treatments  would  give  somewhat 
different  values  than  those  presented  here  0.0). 
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1/  AT«rag«  Young's  aodulus  dstsrminad  «t  75*F. 

Chang#  in  Young's  modulus  oTsr  75*F  Youncj's  modulus* 
i/  Surfacas  daTitrifi#d. 


roisscr.'s  Ratio 


Vnlaes  for  Poisson's  ratio  are  giv«n  in  Table  XXX. 
These  results  were  obtained  at  the  same  time  the  dynamic 
■^oun.^'s  modulus  results  presented  in  Table  XXDC  were 
obtained.  Poisson's  ratio  was  not  determined  directly  but 
was  calculated  from  the  Young's  modulus  and  the  shear 
modulus.  The  modulus  of  elasticity  in  shear  at  both  room 
and  elevated  temperatures  changed  in  the  same  proportion 
as  Young's  modulus  with  the  net  result  being  that  the 
Poisson's  ratio  values  were  not  measurably  affected  by 
temper  or  heat  treatment. 


Table  XXX.  Poisson's  Ratio  Determined  at  75®F 


Glass 

Poisson's  Ratio 

Annealed 

Semi-Teii9>ered 

Tempered 

LOF  Plate 

0.202 

0.205 

0.196 

PPG  3235 

.212 

.217 

.216 

PPG  6695 

.246 

.244 

.251 

CCrf  7740 

.189 

.194 

- 

CGW  1723 

.236 

.240 

.242 

7900 

.168 

.175 

- 

CGW  7940 

.151 

- 

- 
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PART  III 


ADDITIONAL.  DATA 


The  results  presented  here  were  obtained  either  be¬ 
fore,  or  simultaneously  with,  the  main  program  data. 

This  data  is  presented  here  in  order  to  keep  the  main 

program  presentation  simple  and  straightforward,  and 

consists  of; 

1)  Effect  of  cut  edges  on  the  modulus  of  rupture. 

2)  Comparison  of  the  effect  of  temperature  on  the  mod¬ 
ulus  of  rupture  of  sandblasted  and  ground  and  polished 
specimens . 

3)  Effect  of  different  types  of  sandblasting  on  the  mod¬ 
ulus  of  rupture. 

4)  Effect  of  the  rate  of  loading  on  the  modulus  of 
rupture . 

5)  Modulus  of  rupture  results  on  specimens  previously 
tested  for  static  fatigue. 

6)  Distribution  of  strength  results. 

7)  Relation  of  the  mirror  size  to  the  modulus  of  rupture. 


Effect  of  Cut  Edges  on  the  Modulus  of  Rupture 

Ground  and  polished  specimens  were  cut  by  three  dif¬ 
ferent  laboratories  from  the  same  lot  of  glass  used  for 
ill*  ^  testing.  On©  laboratory  (A)  cut  specimens  from 

this  lot  on  two  different  occasions  and  in  addition,  cut 
specimens  from  the  same  type  of  glass  used  in  the  Part  I 
testing  but  from  a  different  lot.  The  specimens  were 
tested  on  the  same  apparatus  and  in  the  same  manner  but 
not  at  the  same  time.  The  results  are  presented  in  Table 
mi  and  show  that  there  is  no  statistical  difference 
(1%  level;  between  the  two  groups  of  specimens  from  the 
same  lot  that  were  cut  by  Laboratory  A  (Groups  A-1  and 
A-2;.  The  results  from  Laboratory  B  and  Laboratory  C 
show  no  statistical  difference  between  them,  but  the 
stren^h  of  both  is  significantly  lower  than  the  strength 
results  from  Laboratory  A.  The  modulus  of  rupture  of  the 
other  lot  (A- 3)  of  glass  cut  by  Laboratory  A  is  signifi¬ 
cantly  lower  than  the  other  moduli  obtained  from  specimens 
cut  by  this  laboratory. 
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ahlt-;  Xy'.XI.  Effect  of  Cuttinci  on  the  Jilr^dulus  of 
Eujiti;rc  of  Annealed  LOF  Plate  Glass 
'^round  and  Polished  Spec:  mens 


BB 

B 

B 

c 

Iveraq”  ’L  ti'lus 
Rupture  l p^si  ) 

11,300 

11,900 

10,500 

.  tar.dard 
i'eviation  (psi  ) 

4,400 

3,610 

2,550 

3,040 

3,220 

N  U-Tl^e  r  o  f 
Sp-ecir.eris 

23 

30 

30 

30 

30 

Surface  Breaks 

10 

10 

12 

11 

6 

Edtte  Breaks 

■EE! 

20 

18 

19 

wm 

Average  Modulus 
of  Rupture  (psi) 
Surface  Breaks 

14,300 

14,600 

10,600 

A  erage  Modulus 
o:  Rupture  (psi) 
E<ige  Breaks 

14,600 

13,100 

11,300 

12,500 

10,500 

A-1.  SaiEplea  of  LOF  Plate  glass  cut  by  Laboratory  A. 


A- 2.  Sample  of  glass  from  lot  A-1  cut  by  Laboratory 
A  at  a  different  time. 

A-S.  Samples  of  sane  type  of  glass  but  ^rom  different 
lot.  Cut  by  Laboratory  A. 

B.  Saiqsles  of  glass  from  same  lot  as  A-1.  Cut  by 
Laboratory  B. 

C.  Samples  of  glass  from  same  lot  as  A-1.  Cut  by 
Laboratory  C. 
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It  is  interesting  to  note  that  in  all  five  groups  tie 
number  of  edge  breaks  exceeds  the  number  of  surface  breaks 
with  edge  breaks  coi^Drising  from  567<>  to  80%  of  the  total* 
Comparing  the  average  modulus  of  rupture  for  surface  and 
edge  breeiks  shows  that  one  is  not  consistently  different 
from  the  other  and  in  three  of  the  five  cases  are  quite 
close  together. 

The  results  show  that  there  may  be  an  effect  on  the 
strength  of  glass  caused  by  the  cutting  of  the  specimens 
by  different  individuals. 


Comparison  of  the  Effect  of  Temperature  on  the  Modulus  of 
l?upt^lre  of  Sandblasted  and  Ground  and  Polished  Specimens 

Thirty  ground  and  polished  and  ten  sandblasted  speci¬ 
mens  were  tested  at  75®F,  400 and  500 ®F,  all  after  less 
than  one  hour  exposure  to  the  test  tei^perature .  The  re¬ 
sults  are  presented  in  Table  XXXII.  Ihe  average  modulus 
of  rupture  of  the  ground  and  polished  specimens  was  slight 
ly  hi^er  et  75®F  than  at  400 ®F  and  550  ®F  but  that  the  dif 
ference  was  not  a  statistically  significant  amount  (1% 
level ) .  It  should  be  noted  that  the  large  standard  devi¬ 
ation  of  the  ground  and  polished  specimens  serves  to  mask 
any  but  large  differences  between  groups.  The  modulus  of 
rupture  of  the  sandblasted  specimens  was  lowered  a  statis¬ 
tically  significant  amount  at  both  400®F  and  550®F  as  com¬ 
pared  to  75®F.  Ihere  was  no  significant  difference  be¬ 
tween  the  400 ®F  and  550 ®F  results  for  the  sandblasted 
specimens. 
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Table  XXXII.  Effect  of  Temperature  on  the  Modulus  of 
Rupture  of  Annealed  LOF  Plate  Glass  Spe 


U) 

c 


u 
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Effect  of  Different  Sandblasting  on  the  Modiilus  of  Rupture 

Table  XXXIII  gives  the  modulus  of  rupture  results  at 
75°F  for  LOF  Plate  glass  sandblasted  by  different  methods. 
The  results  show  that  different  amounts  of  abrasion  can 
affect  the  strength  of  glass.  The  methods  of  saiidblasting 
were  varied  by  using  different  grain  sizes  of  semd  aitd 
different  amounts  of  air  pressure  to  blow  the  sand  against 
the  specimen . 


Table  XXXIII.  Effect  of  Different  Sandblasting  on 
the  Idodulus  of  Rupture  of  Annealed 
_ I^F  Plate  Glass  Specimens 


Group 

Fracture 

Origin 

Number 

of 

•*^*jecimens 

Average 

Modulus 

of 

Rupture 

Standard 

Deviation 

1 

S 

19 

10240 

446 

E 

5 

9410 

735 

2 

S 

10 

8210 

1109 

E 

0 

0 

0 

3 

S 

9 

6900 

579 

E 

6 

5030 

779 

60 


The  Effect  of  the  Rate  of  Ix^ading  on  the  Modulus  of  Ruptxire 


The  modulus  of  rupture  was  determined  on  groups  of  15 
annealed,  sandblasted  specimens  of  PPG  3235  glass  tested  at 
several  rates  of  loading.  The  specimens  were  from  the  same 
lot,  and  were  the  same  size  as  those  used  in  the  main  pro¬ 
gram  (Part  II)  testing.  The  testing  was  conducted  at  75*F 
on  the  s<ame  apparatus  and  with  the  same  technique  as  used 
for  the  other  modulus  of  rupture  work  except  for  varying 
the  loading  rates.  A  graph  of  the  results  obtained  is 
shown  in  Figure  10.  In  addition,  the  data  presented  by 
Black  (10)  and  Orr  (11),  are  presented  for  cos^arlson.  The 
data  of  black  and  Orr  were  obtained  on  ground  and  polished 
specimens  of  a  different  size  and  a  different  glass  com¬ 
position  than  used  for  the  NBS  work.  However,  the  inter¬ 
esting  point  is  that  although  all  three  curves  show  an  in¬ 
crease  in  strength  with  increase  in  loading  rate,  the  rate 
of  increase  for  the  ground  and  polished  specimens  is  much 
greater  than  for  the  sandblasted  specimens. 


Modulus  of  Rupture  of  LOF  Plate  Determined  on 

Survivors  of  the  Stress-Rupture  and  dreep  I'esting 

The  modulus  of  rupture  was  determined,  at  75**F,  on  the 
LOF  specimens  that  survived  the  500  hour  stress- rupture 
test  as  well  as  those  specimens  tested  at  870*F  that  ex¬ 
hibited  creep.  The  average  value  of  the  modulus  of  rupture 
for  each  group  of  survivors  is  presented  in  Table  XXXIV. 

The  stress- rupture  specimens  tested  at  75*F  and  400*F  sur¬ 
vived  500  hours  at  the  indicated  stress  and  tejqperature. 

The  specimens  tested  at  870 *F  were  held  at  this  tecpera- 
ture  and  under  the  indicated  stress  for  a  maximuai  of  SO 
hours;  for  at  this  time  the  amount  of  creep  had  become  ex¬ 
cessive  for  the  apparatus,  and  the  testing  stopped* 

niese  tests  were  made  to  compare  the  modulus  of  rup¬ 
ture  of  specimens  tested  under  different  conditions  of 
stress  and  temperature,  and  also  compare  these  values  to 
the  modulus  of  rupture  cf  qpecimens  that  were  not  pre¬ 
viously  stressed. 

The  results  in  Table  XXXIV  show  that  for  the  annealed 
specimens  there  is  no  statistical  difference  between  the 
modulus  of  rupture  of  the  two  groups,  stressed  at  870 *P 
and  400 *F,  during  the  stress- rupture  test. 
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RATE  OF  LOADING,  PSl  PER  MINUTE 
FIGURE  10  THE  EFFECT  OF  THE  RATE  OF  LOADING  ON  THE  f*ODUL  JS  OF 
RUPTURE  OF  ANNEALED.  SANDBLASTED,  PPG  3235  SPECIMENS 


Tabl.?  >j<Xr\'.  Modulus  of  Rjptuie  Doterminod  at  75*r  on  Sandblasted  LOF  Plata 
_ Glass  Sped im,..;,  that  Survived  the  Static  Fatigue  wd  Craap  Tasting 
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For  the  ser. :  -  te.npored  speciriena  there  is  no  etatis- 
tica]  difference  between  the  rrcduluf.  of  rupture  of  any  of 
^he  7rc.ups  stressed  at  75  d'  and  400^r.  The  specimens 
stressed  it  870°"  had  lower  stren-'/ths  ttian  the  specimens 
stressed  at  ''5''F  and  400  °r.  however,  this  Is  not  surpris¬ 
ing  since  the  amount  of  strain  reriai  ning  in  rhese  specimens 
was  snail.  There  was  no  statistical  difference  between  the 
groups  strec.-  ed  at  870°F  when  comparing  averages  that  in¬ 
cluded  surface  and  edge  breaks.  Comparing  tlie  surface 
break  average  onlv  would  be  meaningless  because  of  the 
large  number  of  edge  breaks. 

The  results  of  the  ten.pered  specimens  show  there  are 
no  statistical  differences  between  the  sr^clmens  stressed 
at  75°?  and  400°F.  The  speciinens  stressed  at  870®F  had 
significantly  lower  modulus  of  rupture  than  those  stressed 
at  75°F  and  400°F.  There  were  differences  in  the  strength 
of  the  groups  of  specimens  stressed  at  870°F,  the  strength 
of  the  groups  depending  largely  on  the  amount  of  temper 
remaining . 

The  moduli  of  rupture  for  annealed,  semi-tempered, 
and  tempered  LOF  Plate  Glass  specimens  tested  at  75°F  and 
not  previously  stressed  are,  respectively:  6900  psi, 

13410  psi,  and  21990  psi.  Comparing  these  values  to  the 
values  obtained  after  stressing  for  500  hours  at  75*F  and 
400°F  and  presented  In  Table  XXXIV  shows  that  stressing 
for  500  hours  at  the  two  indicated  tenperatures  did  not 
significantly  weaken  the  glass  in  any  of  the  three  condi¬ 
tions  of  temper. 


Distribution  of  Strength  Results 

Knowledge  of  the  type  of  distribution  of  results  of 
strength  tests  is  important  so  that  useful  statistical 
analyses  can  be  made.  There  is  a  difference  of  opinion  as 
to  the  type  cf  distribution  that  best  describes  a  glass 
sample  tested  for  strength,  so  in  an  attempt  to  clarify 
the  picture  the  following  work  was  done.  Six  hundred  PPG 
Plate  Glass  specirens  were  tested.  The  specimens  were  the 
seme  size  as  used  for  the  remainder  of  the  test  program 
and  came  from  a  single  lot  of  comnercial ly  produced  plate 
glass.  Three  hundred  speciitens  were  tested  with  tne 
original  ground  and  pol Ished  surfaces  and  three  hundred 
had  the  surfaces  san^lbdasted  in  the  same  ranrer  as  fer  the 
regular  program.  Specinens  were  measured  for  the  degree 
of  anneal,  refractive  index  and  thickness  before  testing 
and  all  these  neasuztscents  indicated  there  were  no  unusual 
discontinuities  among  the  specimens.  Tlio  three  hundred 
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specimens  of  each  surface  type  were  divided  into  two 
groups  so  in  effect  there  were  four  groups  of  150  speci¬ 
mens  each  that  were  tested  at  75*F« 

Four  types  of  distribution  for  the  results  were 
tried:  log-normal,  extreme  value,  Weibull,  and  normal* 
Two  log-norraal  and  extreme  value  were  not  satisfactory  in 
describing  the  data.  The  Weibull  distribution  gave  re¬ 
sults  that  were  inconclusive.  Three  of  the  four  test 
groups  fit  the  normai.  distribution.  Figures  11  through 
13  show  the  test  groups  plotted  on  norm^  probability 
paper.  A  chi-square  test  also  confirmed  the  normality  of 
three  of  the  test  groups  and  the  non-normality  of  the 
fourth . 

This  analysis  indicates  the  modulus  of  rupture 
values  of  a  glass  sample  generally  assumes  a  normal  dis¬ 
tribution  and  analysis  of  the  strength  of  glass  can  be 
made  on  the  basis  of  this  assumption* 
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MODULUS  OF  RUPTURE  (100  PSI) 

FIGURE  12  DISTRIBUTION  OF  MODULUS  OF  RUPTURE  OF  SANDBLASTED 
GROUP  B  ASSUMING  NORMAL  PROBABILITY  DISTRIBUTION 
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Mirror  Size 


’-Vhen  glass  fractures,  the  area  irainediately  surround¬ 
ing  the  fracture  origin  is  smooth  and  is  referred  to  as 
the  mirror  portion  of  the  fracture  face.  There  is  an 
inverse  relationship  between  the  size  of  this  mirror  and 
the  strength  of  the  glass.  The  results  obtained  on  the 
glasses  in  the  program  are  shown  in  Figures  15  through  18. 
These  results  were  obtained  from  the  modulus  of  rupture 
specimens . 
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Irspection  of  Figures  IS,  16,  17,  and  18  shows  that 
fhe  data  for  a  particular  tjlass  fell  along  the  curve 
aescribing  ‘‘hat  glass  ii respective  of  surface  conditions 
of  the  glass,  rate  of  loading,  tine  under  load,  arid  tem- 
{<‘ratun  of  test.  Figure  Ir  shows  the  data  for  PPG  3235. 
7ne  synods  show  the  data  obtained  by  testing  at  various 
temperatures.  Die  letters  show  the  data  obtained  during 
the  rate  of  loading  experiment,  conducted  at  75“F.  Com- 
parir.a  the  mirror  sizes  at  a  constant  stress  showed  that 
the  factors  noted  ab«jve  did  not  affect  the  mirror  size. 

All  determinations  were  made  on  the  same  size  specimens  sc 
no  effect  of  size  was  studied.  Fxamination  of  the  curves 
and  the  comparisons  of  mirror  size  at  constant  stress  for 
a  particular  ilass  showed  tf.at  other  than  the  effect  of 
atiength  on  mirror  size  there  was  essentially  no  difference 
between  the  mirror  sizes  of:  1)  Specimens  having  ground 
and  polished  surfaces  and  specimens  having  sandblasted  sur¬ 
faces,  2)  Specimens  broken  at  different  rates  of  loading  in 
the  modulus  of  rupture  testing,  3)  Specimens  tested  at 
different  test  temjr/eiatures.  This  was  true  whether  tests 
were  made  with  less  than  one  hour  exposure  or  after  500 
hours  exposure  at  the  testir.g  temperature. 

Figure  19  is  a  graph  of  the  four  curves  plotted  to¬ 
gether  to  show  the  relationship  between  them.  It  can  be 
seen  tliat  the  curves  are  parallel  but  displaced  from  one 
another,  indicating  that  the  type  of  glass  has  an  effect 
on  the  location  of  the  curve.  The  results  show  that  of 
all  of  the  factors  Investigated  the  only  one  affecting  the 
relationship  between  mirror  size  and  modulus  of  rupture  is 
the  type  of  material. 


75 


76 


FIGURE  I9M00ULUS  OF  RUPT  U  RE  -  MIRROR  RADi  US  CURVES  rOR  FOUR  TYPES  OF  GLASS 


CONCLUSIONS 


The  following  conclusions  were  developed  from  the 
data  obtained  in  the  test  program.  Gome,  as  mentioned  in 
the  introduction,  have  been  previously  reported  by  other 
authors;  but  they  are  presented  here  because  they  were 
derived  from  the  present  work  and  edso  give  further  con¬ 
firmation  to  the  previous  findings. 

1)  Satisfactory  results  were  obtained  by  the  method  re¬ 
ported  for  measuring  modulus  of  rupture.  This  method 
followed  ASTW  procedures  except  for  the  use  of  two  point 
loading.  Other  alterations  or  modifications  may  interfere 
with  the  modulus  of  rupture  test.  The  results  showed  that 
a  rod  in  contact  with  the  tensile  surface  of  a  test  speci¬ 
men  will  significantly  reduce  the  strength  of  the  glass. 


2)  In  addition  to  reFwrtlng  the  average  modulus  of  rup¬ 
ture,  the  standard  deviation  or  coef fluent  of  variation 
and  the  number  of  specimens  tested  should  be  reported. 

.3)  The  location  of  the  fractxire  origin  should  be  reported 
as  the  distance  from  the  loading  knife  edge  or  in  the  case 
of  two  point  loading,  fracture  origins  that  occur  outside 
the  area  of  uniform  stress  between  the  loading  knife  edges 
should  be  reported  as  well  as  the  distance  from  a  loa^ng 
knife  edge.  This  information  can  be  used  to  determine  the 
actual  stress  at  which  the  glass  failed  and  not  the  stress 
which  a  portion  of  the  glass  withstood. 

4)  An  analysis  of  the  data  shows  that  glass  with  frac¬ 
tures  originating  on  the  surface  may  be  significantly 
stronger  than  glass  with  fractures  originating  on  the 
edge.  This  should  be  considered  in  reporting  strength  re¬ 
sults. 

5)  Modulus  of  rupture  tests  conducted  under  similar  con¬ 
ditions  and  on  the  same  kind  of  glass  at  different  lab¬ 
oratories,  or  possibly  at  the  same  laboratory,  can  give 
statistically  different  results  and  yet  show  no  laboratory 
bias. 

C)  Abrading  the  surface  of  the  specimens  reduces  the 
scatter  in  the  results  and  lowers  the  strength.  Carefully 
controlled,  iiniform  surface  abrasion  may  be  useful  in  re¬ 
ducing  the  number  of  specimens  required  to  make  compara¬ 
tive  tests  between  groups  of  the  same  glass  under  different 
conditions.  Since  the  strength  of  glass  is  largely 
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dependent  upon  the  surface  of  the  glass  the  results  ob¬ 
tained  with  abraded  specimens  should  in  no  way  be  con¬ 
strued  to  be  used  as  the  absolute  value  of  the  strength 
of  the  glass  in  question. 

7)  The  cut  edges  may  affect  the  strength  of  glass. 

8)  The  rate  of  loading  will  affect  the  strength  of  glass, 
the  faster  the  rate  of  loading  the  higher  the  strength. 
However,  this  effect  appears  to  be  less  noticeable  in 
specimens  with  abraded  surfaces  than  in  specimens  %rith 
ground  and  polished  surfaces. 

9)  The  modulus  of  rupture  determined  on  specimens  that 
had  undergone  static  fatigue  testing  was  not  changed  from 
specimens  that  were  tested  without  being  subject  to  static 
fatigue. 

10)  The  four  annealed  glasses  having  the  lowest  silica 
content  and  highest  coefficient  of  expansion,  showed  as 
the  temperature  increased,  a  decrease  in  strength  followed 
by  an  increase  in  strength  as  the  strain  point  was 
ai^roached.  The  decreases  in  strength  varied  from  6%  to 
15%  below  the  75*F  modulus  of  n4>ture  value.  This 
decrease  and  increase  in  strength  with  increasing  teagwra- 
ture  was  observed  in  sandblasted  XjOF  Plate  Glass  at  NBS  in 
the  preliminary  program,  in  the  main  program,  and  in  cobi- 
paring  the  effect  of  temperature  on  sandblasted  and  ground 
and  polished  specimens.  The  same  phenomenon  was  obseived 
by  Corning  Glass  Works  (13)  when  it  performed  similar  tests 
on  06W  1723. 

Young's  modulus  showed  a  continuous  decrease  with  in¬ 
creasing  tesperature  for  the  above  four  glasses. 

11)  The  three  glasses  with  the  higher  silica  content  and 
the  lower  coefficients  of  expansion  showed  a  continuous 
increase  in  strength  with  increase  in  temperature-  Other 
%rorkers  have  observed  this  in  the  ease  of  fused  silica  (1^). 
Young's  modulus  Increased  with  increasing  temperature  for 
these  three  glasses  up  to  tliS  beginning  of  the  trans¬ 
formation  re^on. 

12)  For  annealed  glass,  heating  for  500  hours  at  a  partic¬ 
ular  temperatxire  increased  its  strength  when  oow^xmd  to 
the  same  glass  untreated. 
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13)  Testing  semi -tempered  specimens  with  less  than  one 
hour  exposure  to  a  testing  temperature  showed  that  these 
glasses  tended  to  retain  their  strength  to  near  the  strain 
point .  Tempered  glass  tested  iinder  the  .same  conditions 
lost  appreciable  amounts  of  strength  at  temperatures  below 
the  strain  point. 

1‘1)  After  heatinj  for  500  hours  both  semi-tempered  and  tem¬ 
pered  glasses  lost  appreciable  amounts  of  strength  at  tem¬ 
peratures  well  below  the  strain  point. 

15)  After  heating  for  500  hours  at  120°F  below  the  respec¬ 
tive  strain  points  of  the  glasses  the  semi-tenpered  and 
temp)ered  specimens,  when  measured  optically,  showed  they 
were  annealed.  However,  in  every  case  these  specimens 
were  stronger  than  the  annealed  specimens  heated  for  500 
hours  at  the  same  temperature. 

16)  St.atistical  analysis  of  the  data  showed  that  there  is 

a  correlation  between  the  amount  of  tenper  and  the  strength 
in  the  semi- tempered  and  tempered  specimens;  the  greater 
the  temper  the  higher  the  strength. 

17)  A  statistical  study  of  the  distribution  of  strength 
showed  that  out  of  four  theoretical  distributions  the 
normal  distribution  was  the  best  for  describing  the  data 
for  glass  and  appealed  to  be  adequate  for  obtalr'  the 
parameters  necessary  for  a  statistical  analysis  the 
strength  of  glass. 

18)  For  annealed  glass  the  relationship  between  ^  y  mirror 
portion  of  the  fracture  face  and  the  strength  of  glass  is 
not  affected  1^  the  condition  of  the  surface,  temperature, 
or  rate  of  loading;  but  is  different  for  different  types 
of  glasses. 
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